The paper presents a review of worldwide literature related to auxetic materials manufactured on the basis of the flexible polyurethane foam. Properties of auxetic foams are discussed with account taken of raw materials and fabrication methods applied. Due to their negative value of the Poisson's ratio the properties demonstrated by auxetic foams are totally different from those of polyurethane foam that has been used so far. Application examples of these new foams are specified with account taken of their physical and chemical parameters but the particular attention is paid to possible use as vibration damping materials in automotive industry and transportation systems.
Introduction
New technologies need application of new materials with very specific properties. These new materials include those that demonstrate the negative value of the Poisson's ratio , which means that such materials, in contrary to conventional ones, extend their dimension along the direction perpendicular to the direction of tension and diminish their dimensions towards the direction perpendicular of the compression direction. That new type of material is now referred to as auxetics [2] from the Greek word auxetos that means 'the one that can become larger'. In this study attention is focused on polyurethane auxetic foams.
The range of the Poisson's ratio results from two relations between the Young's (elastic) modulus R, the Kirchhoff's (shear) modulus G, modulus of volume elasticity K and the Poisson's ratio : 
Application of innovative materials with a negative Poisson's ratio can be considered in relation to the values adopted by their Poisson's ratio or in relation to other properties of these materials that result from their peculiar structure. Moreover, the equation (1) that binds the Young's modulus R, the shear modulus G and the Poisson's ratio  makes it possible to infer that in cases when the  parameter approaches -1 the shear modulus G much exceeds the Young's modulus. On the other hand, for conventional material the Young's modulus is twice of threefold higher than the shear modulus.
Auxetic materials demonstrate better application properties than conventional ones that are currently in use e.g. in the automotive industry or in transportation and they offer potential opportunities to increase safety in case of catastrophes or improve comfort during regular operation. When to consider seat for pilots of helicopters such materials offer substantial advantages that include: -capability to adsorb and then dissipate energy, -increased shear strength and insensitivity to impact damages, -slower propagation of cracks (due to cellular structure),
This study is intended to summarize achievements of worldwide research centres that deal with topic of polyurethane auxetic foam as well as technologies that are used by those centres with analysis of properties demonstrated by these materials in terms of:
-physical and chemical properties of them as a function of fabrication technologies, -operational properties that are beneficial for various application areas.
Physical and chemical properties of auxetic polyurethane foam and methods for fabrication thereof
Conventional foamed polymers that are currently in use demonstrate their Poisson's ratio ranging from 0.1 to 0.4. On the contrary, for auxetic foams the Poisson's ratio from -0.1 to -0.7 is achieved. When tensioned, the auxetic material increases its cross-section in the plane perpendicular to the tensioning direction (Fig. 1) .
The aforementioned behaviour of the material is entailed by its cellular structure that is shown in Fig. 2 [14] . In case of the conventional foam with open pores each cell is defined by a plurality of ribs. The structure of convex polyhedra with internally connected cells makes up a three-dimensional network of ribs and weaves (Fig. 2a) . For auxetic foams the ribs have characteristic bends -elbows (Fig. 2b) . -tri-axial compression, -bi-axial compression, -multi-phase tri-axial thermal compression, -chemo-mechanical process. 2) For foams with closed cells: -overpressure and vacuum methods.
Properties of foams fabricated with the use of the triaxial compression method
Initial experiments associated with polyurethane auxetic foams were dedicated to samples that had been made of polyester foam with all open pores -the Scott Industrial Foam. That material was used for the manufacture of air filters. The samples were fabricated with the application of tri-axial compression and then soaking nearby the softening point of the foam [12] . The volumetric compression factor V p /V k ranging from 2 to 5 was reached where V p stands for the initial volume of the foam (the volume before placing the foam into a mould) and V k is the final volume of the foam (the volume after completion of the moulding process). The polyester foam was extruded into aluminium moulds with the use of agents that prevented polyurethane from sticking to the internal surface of moulds. The compressed foam was held at the temperature of 160 ÷ 170ºC for a dozen of minutes and then cooled down inside the mould to the room temperature. For each initial material the optimum process parameters were established, so it was found out that conversion of polyester foam is more beneficial when lower heating temperatures are applied during a prolonged time period, whilst polyether foams with significantly lower softening temperatures prefer the application of higher temperatures over a shorter time periods. After thorough cooling of the obtained material in water or at the ambient temperature it was taken out of the mould and gently stretched towards three directions. Properties of the foam before and after the compression are summarized in Table 1 . Microscopic structure of the Scott Industrial Foam with the cell size of 1.2 mm is shown in Fig. 3 [12] with magnification of 25x. The relationship between the Poisson's ratio and strains for the Scott Industrial Foam with its initial structure and after thermal compression with the compression factor of 3.2 is shown in Fig. 4 . The Poisson's ratio for the initial structure of the foam is about 0.3 for small strains and then increases to the value of 0.5 for tensioning and drops to zero at compression. After having the foam subjected to the thermal compression process the Poisson's ratio reaches its minimum for the zero strain and increases both for tension and compression. The relationship between the Poisson's ratio and strains for various compression factors of the Scott Industrial Foam is exhibited in Fig. 5 . Table 2 summarizes the relationship between the Poisson's ratio and the volumetric compression ratio at tensioning and compression of the Scott Industrial Foam. The quoted values have been found out for the strain of 2%.
After thermal compression the treated foam demonstrates lower stiffness but at higher strain values it exhibits higher density of energy. The resilience factor is highest for the volumetric compression factor of 2.
Examination of the combined polyurethane and polyester foam with the cell size of 0.4 mm, fabricated by the Clark Foam Inc., have proved that after having the process of thermal compression completed the highest negative Poisson's ratio is measured nearby ends of the material samples [6] . Due to relaxation of the foam after completion of thermal treatment process the value of the volumetric compression factor as high as 5 was applied in order to achieve the highest modulus of the negative Poisson's ratio.
Examination results for thermal conductivity demonstrated by foam grades offered by Sentinel CELLECT LLC are shown in Fig. 6 . One can see a visible bias of the conversion temperature for the microcellular foam as compared to foam grades with large cells. and after thermal compression [18] The effect of the cell size onto properties of the polyurethane foam with open pores after having the foam subjected to the process of the tri-axial compression was examined on foams offered by Foamade Industries. Two types of the foam with closed pores were used for the attempt to obtain the auxetic structures [16] , namely the isotropic polymethacrylimide (PMI) foam from Rohacell and the anisotropic low density polyethylene foam offered by Ethafoam (LDPE). A thick-walled (19 mm) pressurized mould was used for the tri-axial compression. Samples of the PMI foam were converted into the auxetic structure under the high external pressure within the vicinity of the softening temperature. For samples of LDPE foam the vacuum process was applied as well. Parameters for various options of the conversion process are brought together in Table 3 . Physical properties demonstrated by the 51WF grade of the PMI foam with respect to the process temperature under the pressure of 552 kPa are shown in Fig.  8 . Values for both the Young modulus and the shear modulus increase in pace with growth of the conversion temperature. On the contrary, the Poisson ratio drops down from 0.39 to 0.33 but it still remains positive. Table 4 summarizes values for the Young modulus, the shear (Kirchhoff) modulus, the Poisson's ratio and the density exhibited by samples of the PMI 51WF foam under initial conditions (as received) and after compression as compared to the PMI 200WF foam with the higher density value under initial conditions. Two options of heating were applied, namely the temperature of 150ºC during 15 minutes and 135ºC during 12 min with further cooling at still air at the room temperature during 0.5 h or in water at room temperature during 5 minutes. The cooled foam samples were then slightly stretched to relax stress on the outer cylindrical surfaces.
Microscopic observations made it possible to find out that the conventional foam had a partly meshed structure with clearly visible films between ribs of the foam cells. The foam with the negative ( = -0.24) Poisson's ratio is featured with twisted and randomly distributed cells and with sophisticated geometry of ribs. Fig. 9 shows the relationship between the Final Density Ratio (FDR) and the achieved Imposed Volumetric Ratio (IVR). The relationship of the Poisson's ratio vs. the Final Density Ratio is illustrated in Fig. 10 . 
Properties of foams fabricated with the use of the multi-phase thermal tri-axial compression
Polyurethane foams are featured with low thermal conductivity and are highly vulnerable to deformations at compression (surface corrugation). That deformation is caused by random and chaotic collapses of cell ribs, which is clearly visible even in case of small samples. To get rid of that problem the researchers have developed a multi-phase process of heating and compression where much less factors of volumetric compression are applied on subsequent stages [5] . The effect of the compression factor onto the Poisson's ratio is shown in Table 5 for the PECO foam. Table 6 Results for processing of foams with open and closed pores into auxetic foams [5] Starting type
Final type The process of the volumetric thermal compression was carried out in four steps. The first phase consisted in squeezing the sample from the starting size of 300×300×76 mm to the dimensions of 275×275×69.5 mm. Then the mould was put into a preheated furnace where temperature appropriate for the specific type of the conventional foam was maintained. The soaking time during the first step ranged from 17 to 20 minutes whilst the temperature was measured with two thermocouples positioned at two locations: on the sample surface and inside the sample body. After having the sample cooled down in air (ca. 2 hours) the foam was taken out from the mould and stretched manually in three directions. The subsequent phases of the process made it possible to obtain samples with the dimensions of 250×250×63 mm, 225×225×56.5 mm and finally 200×200×50 mm during the last step. The total time of keeping the samples in the furnace was about 60 minutes. Temperatures applied to that technology could be lower than those used while treating small samples because the soaking time for large moulds is longer than that used with one-shot methods. Table 6 summarizes the figures that demonstrate the relationship between the Poisson's ratio for the fabricated auxetic foams and the compression factors that were applied to the already described technological process.
The Poisson's ratio value clearly depends on the compression factor applied to the conventional polyurethane foam. In case of these polyurethane and polyester foams the auxetic foams with the Poisson's ratio ranging from -0.50 to -0.82 were obtained for the respective volumetric compression ratio values R c = 3.15÷4.5. One can also find out that for the foams with largest cells ( 
Properties of foam grades fabricated with the use of the bi-axial compression method
Fabrication of auxetic materials with the use of the tri-axial compression and soaking is a batch-type periodic process. Periodic processes are poorly efficient as they incorporate machine downtime periods. Moreover, it is much more difficult to maintain repeatability of the cyclical manufacturing processes and obtain good quality materials from each fabrication cycle, i.e. the material without surface corrugation with shape, size and auxetic properties of cells to be preserved over a prolonged time period.
The literature references [1] report the method for fabrication of auxetic foams with the use of the bi-axial compression process with heating. The bi-axial compression makes it possible to obtain flexible anisotropic auxetic foams with increased stiffness along the longitudinal axis.
Conventional thermoplastic foam is subject to at least one cycle of bi-axial compression and heating. The recommended method assumes that after the first compression and heating cycle the foam is cooled down and subject to relaxation. Then, the foam is taken out from the mould and mechanically stimulated (stretched) to eliminate adhesion of ribs as the adhesion diminishes the auxetic effect (the rec-ommended stretching time is up to 10 seconds). Next, the foam is placed back to the mould and undergoes the repeated bi-axial compression and heating. After the completion of all the compression and heating treatment the foam is allowed to cool down and finally heated at the temperature below the softening point.
The process of bi-axial compression can be carried out in the continuous manner which may lead to faster enhancement of auxetic foams applicability and enable easy access to such materials. The preferred compression factor for the bi-axial compression of foam ranges from 0.7 to 0.9, however the value of 0.7 is more beneficial.
The mould with its shape that corresponds to the cross-section of the foam block should be made of the material with good heat conduction properties, preferably of metal. Otherwise, when the mould is made of a thermally insulating material its walls should be thin enough to enable access of heat to the foam. The mould material must be strong enough with sufficient stiffness to maintain the level of foam compression.
Important parameters that are crucial for the fabrication process of auxetic foams include heating temperature and time. When the heating time is too short the foam fails to alter its structure and restores its initial structure and shape after having been taken out from the mould. On the other hand, when the heating time is too long the foam tends to melt and cell ribs stick together and fail to be detached when stretched. The processing temperature should be close to the softening temperature. The heating process should be carried out within the range ±20 o C of the softening temperature attributable to the specific type of the thermoplastic foam. When the processing temperature is close to the softening temperature the process of stress relaxation is the most efficient with the minimum mutual adhesion between cell ribs.
Moreover, foam types with smaller cell sizes need higher temperatures for the heating process with shorter heating times which, in turn, results in lower modulus of the negative Poisson's ratio. It is recommended to carry out the foam heating process in such a way that the mould is kept heated along its shorter sides. The heating time varies depending on the specific foam type.
The process parameters for the thermal compression of selected foam grades are the following:
-the low-density polyurethane foam of the S267 grade required the temperature of 200°C during 10 minutes, after completion of the first phase with subsequent stimulation (stretching) of the foam as above the foam is reheated at the temperature of 200°C for subsequent 10 minutes and then at 100°C during further 30 minutes, -the low-density polyurethane foams of the SF305MDE and S245 grades needed longer processing times. For those foams the heating temperature of 200°C for the time of 15 min. was necessary to achieve the initial conversion. After the completion of the first phase and stimulation (stretching) the material was kept heated at the temperature of 200°C during further 15 minutes and then at temperature of 100°C during next 30 minutes.
The chemo-mechanical process applicable to fabrication of auxetic foams
The process of chemo-mechanical conversion of conventional foam into the auxetic one consists in the immersion of the foam in a solvent and then, after removing the excessive solvent, in putting the foam into a mould that makes 30% volumetric compression possible. Finally, the foam is dried and removed from the mould.
The auxetic foam is vulnerable to the effect of solvents, i.e. after reimmersion it restores its initial shape. The attention should be paid to the fact that foams fabricated with the use of the thermal compression method also lose their auxetic properties and structures after having been immersed into a solvent. Therefore auxetic foams should never be used for applications where they may exercise a contact with solvents. Fig. 11 shows auxetic structures after conversion of the conventional polyurethane foam. 
Functional properties of auxetic foams
Comparison between behaviour of the auxetic and conventional materials under tensioning is shown in Fig. 12 while Fig. 13 presents the behaviour under impact loads. Under tensioning the auxetic material increases its cross-section in the plane perpendicular to the tensioning direction. Fig. 12 . Behaviour of conventional and auxetic materials under tensioning condition [8] Auxetic materials are more resistant to deflection as compared with conventional ones and, in addition, they demonstrate higher insensitivity to penetration. When a conventional material is subjected to an impact load the affecting force is compensated by deflection of the material towards the direction outwards (from) the application point of the force. Auxetic materials exhibit opposite properties -they deflect towards (to) the point where the force is applied. Eventually, the local structure of cells increases its density, which makes the material more insensitive to penetrations. The reported investigations have proved that foams with convex cells demonstrate higher yield point and lower Young modulus values as compared to conventional foams with the similar density. Foams with convex cells increase their apparent density within the vicinity of the point where the affecting force is applied, the density growth goes in pace with the increase of the shear modulus. Fig. 13 . Behaviour of the conventional and auxetic materials under impact conditions [11] The aforementioned behaviour of the material is associated with its structure as it is shown in Fig. 14 The research studies that were carried out in the USA and recently also in Malta and the UK have proved that foam materials featured with negative values of the Poisson's ratio demonstrate better application properties than conventional ones. Auxetic foams prevail in compression strength and under compression and squeezing conditions they demonstrate less deformation of the material. These material tend to wrap around the deformation (compression) zone and exhibit the wrapping effect which is absent in case of conventional materials (Fig. 15) . When a conventional material is bent its edges are rounded towards the direction that is perpendicular to the bending torque. On the contrary, the auxetic materials fail to form a typical saddle but a spherical surface is obtained instead (the both radius of curvatures are positive). [12] Auxetic foams demonstrated better capability to damp vibrations under similar level of strains and impacts. They enable more efficient insulation against vibration within a wide spectrum of cyclical loads. Mechanical and damping properties of auxetic materials depend on initial materials that had been used for fabrication thereof as well as on technological parameters of the foam fabrication process. Results for investigation of the foam attenuation properties (to ISO 13753) that are presented in Fig. 16 provide the reasons to infer that for the frequency range from 10 to 31. 5 Hz the auxetic foams demonstrate no capability to damp the vibration, whilst for the frequencies above 31.5 Hz the attenuation capability depends on the volumetric compression ratio that had been applied for fabrication of the auxetic foam [17] . For lower values of the volumetric compression factors poorer results for attenuation of vibration were obtained. For instance at the vibration frequency of 100 Hz the conventional foam demonstrated attenuation of vibrations as high as 0.9, whilst the auxetic foam with its Poisson's ratio of -0.2 and fabricated with the volumetric compression factor equal to 3 featured with the attenuation factor of 0.8. Fig. 16 . Vibration damping capacity demonstrated by samples with various factors of volumetric compression [17] .
Foams that were subjected to the initial compression and feature with the negative Poisson's ratio demonstrate better capability to damp vibrations as compared to foams with no pretreatment. That phenomenon is best visible for higher levels of deformations.
When the auxetic foam with its apparent density ranging from 0.032 to 0.064 g/cm 3 was used for padding of seats then lower values of the maximum pressure affecting the sitting person were obtained as compared to solutions when conventional foam with the same density was applied [13] . The best results for auxetic foams were obtained when the Poisson's ratio for the applied material equaled to -0.13 which was achieved at the volumetric compression ratio of about 2.2 ( Fig. 17) . 
Conclusions
Auxetic polyurethane foam grades that are described in the literature references are fabricated in research centres in the Western Europe and the USA but no information about production on industrial scale of such materials is available. The auxetic structure of the foam is formed during thermal compression of conventional foam with fully or partly opened cells. Due to the effect of compression (tri-axial, bi-axial, multiphase tri-axial) at the temperature nearby the softening temperature of a thermoplastic polymer the walls (ribs) of cells collapse, which leads to thickening of the foam stuff. Then, the obtained structure can be pre-served by means of cooling. Post-treatment reheating of the material at the temperature below the softening point is meant to stabilize the obtained structure.
The recent studies provide information about the chemo-mechanical process intended to convert conventional foam into the auxetic one. The process consists in the immersion of the foam in a solvent, then, in removing the excessive solvent, volumetric compression, thorough drying, and demoulding. There are also attempts to fabricate samples of auxetic foams from the foamed material with closed cells. Fabrication of such foam is possible but these methods are still expensive and can hardly be expected to find any commercial applications.
Fabrication of the auxetic material as a result of the tri-axial compression and heating is the cyclical period with a specific time period of a single cycle. It is also the factor that prevents the auxetic foams from widespread commercial applications. Cyclical processes are inefficient as the cycle always includes downtimes of the technological equipment. Moreover, it is much more difficult to maintain repeatability of the periodical manufacturing processes and obtain good quality materials from each fabrication cycle, i.e. the material without surface corrugation and with its shape, size and auxetic properties of cells to be preserved over a prolonged time period.
Other technological constraints that restrict commercial development and fabrication of large-sized auxetic polyurethane products result from low thermal conductivity (heat flow) and relatively easy surface corrugation when compressed. That deformation results from stochastic and non-uniform collapse of cell ribs, which occurs even in case of small cells. The method of the tri-axial thermal compression is usually applicable to samples with the size that never exceeds several tens of millimetres.
Due to numerous problems and technological restraints on the tri-axial compression method, two other compression techniques were developed: the multiphase thermal compression and the bi-axial thermal compression. Fabrication of auxetic foam with the multi-phase tri-axial thermal compression makes it possible to obtain large-sized pieces of auxetic materials that are free of deficiencies typical of products of the tri-axial compression. The bi-axial thermal compression enables fabrication of flexible and anisotropic auxetic foams with improved stiffness towards the direction that is perpendicular to the compression line. The process is carried out in two phases and ends up with additional heating of the foam at the temperature below the softening point for the purpose of the structure stabilization. That process can be performed in the continuous manner so it may be conducive to faster development of commercial applications that employ auxetic foams and enable easier availability of such materials.
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